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“NORMAL-PRESSURE TESTS OF RECTANGULAR PLATES

By WALTER RAMBERQ, ALBERT E. MCPHERSON, and SAMUEL LEVY

SUMMARY

i%rmd+rew?ure tats were made of 66 rectangular
phzies with champededges and of 6 plates with freely
8upported edge8. Preeewe UXMapplied and the center
defection and &? permanent 88t at the center were m@a8-
ured. For come of the plates, sfrains and cmtour8 wert
meuwred in addition.

The ob8ermd relu.tion between center de$ection and
pressure for the plate8 un”thclamped edge8 w qua&a-
tisely in agreementun”ththeory in 80far a8 the dejection
inerea8edlinearly with the pnwure at rery low load8and
then increased more 8.hwly ae th& membrane 8treae(8
became important. Quantitatim agreement within &l(l
pereent for the linear portion of tlu defkwtion-pressure
curie was obtainedjor only abmd one-+urth of the pfate8.
The detitiona for the rest of the pfute~ were asm”bed to
dew”ationcfrem tb theoretical &mPing conditimw at
the edge8.

With the beginning of permanent set both the total
dejection and the permanent 8et at the center of the
pfde8 wifii Clamped edge8 increa8ed linearly &h die
pressure for meet of the plate8. Ertreme-$ber atrainc
mewed at the center of three 8quare plate8 were in
approximate agreement with cakuiated cdue8.

Tashboarding pressures were determined for three
ca8e4: the preaaure for a 8et‘at the center of 1/600the 8pan
oj the plate, the preesurefor a 8et at the center of l/ZOO
tlu 8pan of the pfate, and the Naoy yield pressure. 2%e
Nary yield pre8eurew ob@inedfrom a plot of pernm-
nent 8et awimt pre88ure by determiningthe inier8ection
with the prmwre aa% of a 8traight line faired through
the plottedpoints.

The measured Naoy yield pressure and the pre.aswre8-
for a set of l16tXl the 8pan for tb plates with clizmped
edge8 were between the tluwreticalpremure, for yMdi~
at tlu edge and for yidding at & oenter,for more than
80 peicent of the pJate8. T%erewas a tendency to 8Tuijl

from thefir8t curw to the 8eccmdwith inereiwing ratio of
span to thickness, indicating that the thick p?ate8tended
to yield by bending near the edge8 whib the wry thin
plates yielded more like a membranethroughoutthe plate.
The pre88ure8fm a set of lj~ the 8pan were in agree-
ment w“th ~he theoretical preseure for yielding at the
c+mterof the plate.

The meaeured center de$ectiona of $M plafes with
freely supported edge8at low kad8 were betweenOand ~
percent k?8s thun th.08ecalculatedfrom Kai8er’8 theory.
% theory doe8 ?wt extend to eujkiently high oenter
defections to muke po8sibfe a c@uMon of washboard-
ing preasure8 an the same basis w for the pfate~ &
clumped edje8. Furthermore, the te8ti were too few to
prorndeempirical relations cf any generality. TheUU8L
fioarding pre8swreafor the #ate8 te8ted were approxi-
mately”the came as the wahboarding premures for the ‘
eJamped-edgeplate8.

INTRODUCI’ION

h investigation of the strength of flat pIat~ under
normaI pressure hsa been conducted for several years
at the National Bureau of Standada with the support
of the Bureau of Aeronautic, Navy Department.
Information on this subject was desired by the Bureau
of Aeronautics because of iti bearing on the dss!gn
of seapkmes. Seaplaims me subject to a severe impact
during landing and take-off, eapecidly on rough water.
The impact must be ~thetood first by tho bottom
pIating and then by a qetem of transverse and longi-
tudinal memkiers to which the bottom pIating is
attached, before it is carried into the body of the
structure. Published experimental estimates for the
matium pressure experienced during Ianding and
take-off range from 4.65 pounds per square inch (ref- ‘“
erence 1] to 6.3 pounds per square inch (reference 2),
while Wagner (reference 3) found theoretically that
impact pmmres as high as 4 atmospheres or about
60 pounds per square inch may be poesibIe for certain
shapes of float bottom.

‘I& bottom should be strong enough not ta dish in
or “washboa~d” permanently under these impact
pressures. Such washboarding is undesirable both
because of the inoreased friction between the float
bottom and the water and because of the increased
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aeroddcd ~ h flight,
The bottom plating of ~aplanes is, ss a rule, sub-
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divided into a &e number of nearly rectangular
areas by the transverse and longitudinal supporting . .._ -,
ribs. Each of these areas will behave substantially like
a rectangular plate under normal pressure. NormaI-
prwsure tests of rectangular plates may therefore be
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used tc study the washboarding of seaplane bottoms
provided that the plates are loaded and are held at the
edges just as in the seaplane.

Impact pressure is assumed to be nearly uniform
over a portion of sheet covering several rectangular
fields. Under these conditions the sheet is subjected
to a hydrostatic normal pressure equal to the average
impact pressure in the region considered. The behav-
ior of the sheet approximates that in an infiite sheet
supporbxl on a homogeneous elastic network with
rectangular fields of the same rigidity as the support-
ing framework of the seaplane,

Tlw displamnent in the plane of the sheet and the
slopt~ of the sheet relative to the plane of the network
must be zero from symmetry wherever the sheet passes
over the ccmter line of each supporting beam. Each
rectangular field will therefore behave as a rectangular
plate clamped along its four edges on supports that
are rigid enough in the plane of the sheet to prevent
their displacement in that plane. At the same time
these supports must have a rigidity normal to th
plane of the sheet equal to that of the actual supports
in the seaplane bottom. The rigidity of the supports
will lie somewhere between the unattainable extremes
of zero rigidity and infinite rigidity. Tho extreme

● of infinite rigidity normal to thr plant’ of the sheet is
one that may be approximated in actuul designs and,
furthermore, it is a case that can be experimentally
investigated by clamping rectangular plates in a rigid
framework and subjecting them to normal pressure.
It is probable that the stress distribution in such a
fixed-edge plate will, in most cases, be less favorable
than the stress distribution in the elastidge plate.
The strength of plates obtained from the tests will

tbwefore be on the safe side if applied in seaplane
design. Reference might be made in this connection

/

tc a paper by Mesnager (refchmcc 4) ill which it is
ahown that a rectangular plati with elastic edges of ~
certain fiexibfity will be less highly s&saed than a -
clamped-edge plate.

Considerations of this nature M to die decision to
test rectangular plates of various materials, thick-
nesses, and ratios of length to width by holding their
edges clamped in a rigid frame and subjecting them
to hydrostatic pressure. lt was decidml alsa to sub-
ject to normal pressure some p1at4s with frwdy sup-
ported edges. It was felt that this type of deformation
would approximate the deformation in a rectangular
panel of the botbxm plating resisting a higher impact
pressure than the surrounding pands and supportc-d
on bcarns of torsional sti.ffnees insufllcimt to develop
large moments along the edges. The high bending
@see at the edges charachwistic of rigid[y clamped
Plates would then be absent.

SPECIMENS

Dimensions and tensile properties for the platm
tested with clamped edgw are given in table I and for
plates with freely supported edges in table 2. Tasts
with clamped edges were made on 39 pIates of 17S-T
aluminum alloy ranging in thickness from 0.0104 to
0.1000 inch and in size from 2.5 by 2.5 to 7.5 by 17.5
inches; on 12 plates of 18:8 stainlew steel ranging in _
thickness from 0.0127 to 0.0601 inch and in size from
2.5 by 2.5 to 5 by 5 inches; on 3 plates of 17S-RT
aluminum sUoy ranging in thickness from 0.020/3 h)
0.0384 tich and 2.5 by 7.5 inches in size; and on 2 platw
of 24S-RT ahnninum alloy 0.0204 and 0.0260 inch
in thickness and 2.5 by 7.5 inches in size. The tests
of plates with freely supported edges were confined
to five 5- by 5-inch 17S-T aluminum-alloy plntes
0.0292 to 0.0641 inch in thicknes.
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Tensile properties were .deter@ned on coupons
taken both longitudimdly and transversdy out of the
sheet from which the pIates had been cut. Typical
stress-strain curves are shown for the 17S-T aluminum-
tifloy sheet in &q 1; for the 18:8 sf,ainks steel in
figure 2; and for the 17S-RT and 24S–RT aluminum
alloy in figure 3. The yield strengtha in the longi-
tudinal and transverse directions are given in tabIes
1 and 2.

The difhrence in plastic behavior of the ahuninum
EJIoy and the stainless steel is immediately apparent
from the stress-strain curves. A dmsa-strain mum
for a longitudinal coupon of the ahuninum a.Uoy has s
relatively sharp bee near the yieId point; the tensik
properties are nearIy independent of thickness; the
bensde properties are Consist-tiy higher in ‘the longi-
tudinal direction than in the transverse direction
The strass-strain curves of the stainless steeI u
curved be#nn@ at Very ]OW StTeSSCS and thm is UC

pronounced Imee near the yieId point; the tensih
properties increaaa rapidly as the thickness of the
materiaI decreases; the material is roughIy isotropic
in tension; the ykdd strengtha being nearly the same
in both Longitudinal and transverse directions.

It was felt that the inclusion of such widely diver-
gent mate.rhda wodd indicate the effect of the shape
of the stress-strain curve on the behavior of the plat=

TESTS

LOAD~G

The apparatus for subjecting rectangular pIatea to
normal pressure is shown in figure 4. The plate A was
mounted on top of a 3- by 50- by IOU-inch steel base
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plate with provision for twting plata that range in
size from 2.5 by 2.5 inches to 30 by 90 inches. Pres-
sure was applied by the hand pump B and was trans-
mitted to the bottom side of the pIate through the
copper tube C attached to a hoIe in the skel base plate.
Water was used as a pr-ure-transmitting fluid. The
pressure under the plate was measured by connecting
one of the pressure gages D, E, or F to the copper tube

H attached to a
(See also fig. 6.)
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second hoIe in the steel base plate.
Preamre gage D was a U-tube for _ ___

measuring pressures from 1 to 20 pounda per square
inch; F was a Bourdon tube gage for measuring pres-
sures from 20 to 100 pounda per square inch; and E
was a Bourdon tube gage for measuring pressures from
100
ing

to 300 pounds per square inch. The error in read-
presaurea was estimated as Iess than 0.1 pound -.
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per square inch in the case of the U-tube and ks than
1 pound per square inch in the case of the Bourdon
tube gages. Approximate values of pressure above
300 pounda per square inch were obtained from a
Bourdon tube gage that could be mounted at G on.
the hand pump. ●

The method of mounting the pIate with cIampcd
edges is shown in figures 5 and 6. The rubber rngrn-
brane J was supported near the lower surface of the
specimen by means of the wood frame M (@. 6). A
watertight joint between the membrrme and the base
plate I was obtained by appIying rubber cement to
the base plate and hoIding the membrane down by
means of the lo-iver clamp bar K, which was fastened
to the base plate with flathead screws. The plate A
was cut to alIow a grip of H inch between the chimp
bars K and L. The upper bar L was leveled relative
to K by means of spacers N cut from the same material
SE the plate. The gripping faces of the bars K and L
were knurIed ta reduce slipping. The asembIy of
clamp bars, pIate, and membrane wae held ta the
mse plate I by means of %-inch ‘United Stat= St~d-
rd capscrews drawn up with. a torque of about 500
)ound-inches.

In the case of the pIatea tested with freeIy supported

——
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FiGIWE4.–Aplhwatus h nornwl-prrssurrtows cfrrwtangular platw,

edgw, the same clamping proccduw w-as applied csc.ept
that the bar-s K (fig. 6) wcrr turned through 180° in u

FIGURES.-Cut-swag plate ehowing method of chmping plate III tmthz aPE@@’LU

horizontal plane so thut tlw plato would lx’ utdc io
tilt into the groove shown in the outer portion of K ill
figure 6. Tho spacer N in this case cxlcndwl OH both
sides of the bolts. This mral]gement., it was bclicvcd,
wouhl approximate the the’orctiwd udgc condition of ,
zero disphtcemcnt and zero bending rnomcnt that was
as+nmwd to hold for a piatc with freely suppmtcd edges.

The teat data for a giw’n plate obttiincd with this
apparatus showrd r.onsistm t hchavior in thwt thr scut-
tcr of observed points AOUL a cur’w faimd though
tkn was small, Thwx* wwu large and erratic dcviti-
tions from the cxpuctrd brhuvior for c.urvcs obtained
for nominally identical or, at last, similar pl atca.
These devi~tions mm ascribed LOuncertainties in thlI
conditi.o~~ of clamping and, in fact, lcd to the ksts of
circular plaks with clamped wlges already mporlcd
(reference 5) in which additiomd precautions were
taken to approach a condition of rigid chnnping. TIw
precautions were justified, leading to a more co~~is-
tent set of test data, (See refercncc 5, figs. 28 h 36.)

The followiqg specific deviations from ideal test pro-
cedure may be rc.sponeiblc for the rrratic results
obtain~d with the rectangular plnttis with Aunpcd
cdgwx

A. The setting up of initiul tension or compression
in the plate during the clamping in the fixture
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B. Rotation of the clamping bars K and L on the
ehstic foundation ~rovidsd by the rubber membrane J

C. Lleviation from flatness at no load
D. Slipping of the plate between the CIamping hare

K and L
E. The setting up of local cI&nping strr=es at th~

edges due to deviation from uniform clamping.
In the case of the plates with supported edges there

is, in additio~ the possibility of
F. Edge bending moments appfied by the chunping

bars.
A measure of the smallness of the deviation B was

obtained by clamping a 2.5- by 7.5-inch aluminum-
alloy plate in the fixture and measuring the angular
rotation of the clamping bars K as the pressure was
increased from 5 to 250 pounda per square inch. The
rotation was found ta be of the order of 12 XIO+
radian per pound per wuare inch. Siice the meaa-
ured angular rotation at the middle of the long edges
of a 0.1- by 2.5- by 7.5-inch pIate of aluminum tdloy
with freely supported edges when bent. by normal
pressure was about 200 times this value and since the
pIates included in the Lest program were generally less
rigid than a O.I-inch aluminum-alloy plate, it waq con-
cIuded that the deviation B from ideal clamping could
be neglected.

The deviations A, C, D, E, and F are too indefinite
for analytical treatment analogous to the treatment
of the deviations for the circular plates (appendiiea
A to D of reference 5). The best check that could be
made was to estimate their combined eilect by ccm-
paring the observed center deflection WOwith theoreti-
cal valu- WMfor corresponding preura The pro-
cedure used is described in detaiI in a later part of this
paper. It led to the rdative deviations

w.— Ww Awo.—
‘w~ w~~

given in tabIes 3 and 4. The relafiivc deviation was

FIaum6.—s80tlmthroughpw m?mltcdh—%msml% MWahclmpw
*es.

between —0.10 and 0.10 for 27 percent of the pIatm
with chunped edg~. It wrM less than –0.10 or
greater than 0.45 for 44 percent of the pla~ with
clamped edges. In the case of the five pIatea with
freely supported edges the reIative deviations ranged
from 0.00 to —0.20. The fact that the deviatiori was
negative for aU the pIates indicate9 that the edge sup-
ports did partIy resist rotation.

DEFLECTION

The defections of the plat= under load were meas-
ured with a jfooach dial gage (M, fig. 4). The .
head of the diaI gage was supported on the reference
frame N by the two parallel bare 0 and P which ‘
rested, in turn, in triangdar notches that had been

..~y- -- ~ _. -—-— .-. —
--- + -..
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cut in the reference frame at l-inch intervals. The
reference frame N was connected to the base pIate I
by a point-he-plane support in order to avoid distor- _
tion of the frame by deformation of the base pkte.
The point support R consisted of a %-inch steel ball
riding in conical seats on N and I; t~e line support S
consisted of a second %-inch baU riding in a groove
on 1, the axis of which passed through R; apd @e plane
support T consisted of a third %-inch balI riding on a
plane on [. A counterweight at U prevented the
reference frame from tipping about a line through R
and S.

The plunger of the dial gage M was aLined normal
to the base pIate I by rotating the dial gage bar P
until the horizontal arm Q attached to M rested on
the parallel bar O. The position of the plunger point
could be moved at l-inch intervals in a Iongitudigal
direction by mo~~ the two bars O and P to different ,
notches in the reference frame N. They could be
moved in set intervals (usually l-in. intervals) in a
transverse direction by bringing a diflerent one of the *
positioning rings V on P in contact with the flat out-
side surface of notched bars N.

For closer interval spacing of the dial readings the
platform shown in figure 7 was placed on the bars O
and P. With this platform, longitudimd and trans- ___
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I

vmse displacements at )&inch intervals. were made
possible by the use of knife edges resting in V-shaped
groovm accurately spaced in )&inch intervals.

The reference frame N with its point-line-plane sup-
por~ operated very sntisfactmily throughout the Beries
of tests. Dial readings were always found to return
to the same value within 0.001 inch even after violent
disturbance of the test sebup.

Fkgure 8 shows the change in ahape of the deflection
curve along the center line of square plate 34 with
clamped edges as the pressure is increased to a value
producing a deflection at the center equal to about
1.8 times the thickness of the plate. Curves me
included from the data of references 6 and 7, With
increasing pressure the reversed curvature due to the

x/a

Fmuu~ 8.4hange In sham of Wiectlon cum alowi ecnter Hneas the WOSSIWOh
incewwd for clamped edge KIunmPlnta34. A,0.086Sfnch; a. 25 ~ck.

b

clamping moments was rcduccd and the doflectioll
curve approached a parabola.

Thr corresponding curves for sqmwc plato 60 with
freely supportrd edges arc shown in figure 9, with
curves from references 8 and. 9. In this. cam the deflec-
tion curve approached a parabola for low loads, just
as for a simple beam under a uniformly distributed
load. At the high pressures the curvature in tht
center of the plate became less than that correspond.
ing to such a parabola.

The deflection curve along the longitudinal centel
line of a 0.0529- by 7.5-by 17.5- inch 17S-T plate h
shown in figure 10. It is seen that t.hcend effect dut
to clamping along the short edges of tho plate extended
a distance into the plate equal to about one plate span
It may be concluded that the cmter deflection of E
rectangular plate having a length equal to twice iti
width approximates that for an infinite-plate strip.

The center deflection and the permanent set at th{
center were measured for each one of the platea tested

15 the pressure was incre=wl from a low value to onc
k which tlw permanent se~ at the ctmtir attainwi the
iamc order of magnitude as the elustic deflection
:center deflection minus pwnmnont srt). Figures I I
;0 14 giv(! th W3U]tS fOr Phlt L’S With (hTlpc(i CdgCS
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md figure 15 gives the results for plates with freely
supported edges.

At very low loads the center deflection was found to
increaw directly with the pressure, as for an ordina~
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beam; it increased more slowly as t.ht’ membnuw
stresses became important; and it approached a Iincctr
variation with presaurc aa yielding became pronounced.
The permanent set at the center increased at an

.



●

NOR!! XrPRESSURE TESTS OF RECTANGULAR PLATES

.. —-

.5 [ I I 1 I I I T I I I \ I I

I 1
+ I i I 1 1 t. !I
i Svmho[ Phfe Ii in. 2a h. I I ! .!T&cr 1 1 –,

x“. g- C&ii, -g”-
* -f . . d Pk7feL h,in.’2<rn

c
+ x

+
o + o
+ [S .0302 i

+
c.-

+ 25

c +
.T . 1 I’=* +- 1 I 1 I— ~

.2

./

R-esSure,M~sq m.

!?*” T=l 1 I J i 4 *
q.

1 I
xx !Xl I I.sxxx I(e)

o 4? J la f60 Z&w X0 280

.

●

.-

-. =-.-—

.-

. . .

,.

.

..-

.
. ..-“..

.-

.

(a) Hates I, 2,3,4 and 5. (b) PIaces& 7,and s.

(o) Plstcs 9,10,11, Md 12 @) Plates 13,14,Snfi 15.

(0) I’kltIJSIt 17,snd 19.

— ....—
([) Plates q % and 5.

FImJEX11.—DcEoctionandsatat centerof HE-T shmdnunmdb PIik Mtb datnti X



b

REPORT NO. 748—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

.
I I I I 4+1 I I I I1 1 1 1 1 1 I I I

+’
I I I I 1,I I I I &- I I

.? C“o” m

1 1 1 I , t I I

------- ...

.51 I I ! ! I I II I [ .1 I I I I

I I / . ~:7: ’20-&t
Q

..4 ++C 21 .0301
I + /8 .0303

c , , 1 I

%- I,$+1 : I‘F
iill’4+lll~ll12@t J ~~q” ‘ ‘ ‘ ‘ ‘2’4 ‘“” ‘

-1-
.d ,

& I
. 1 I 1 ? I I
&“ I I I

.51 1 I I ! ! I 10 40 80

.4 1 1 ~.
“+ 37 .@58 ● M–

x ?.
1)0

I

x
~o I ,*,

.3
x

x
Xo

c
x

‘e- ‘“
1 x
k (

AI x i z

34“ ~~~‘
h

I-#
a

..? x
x ‘1 1X611 Ill

,.
.-

‘&lXT I Ix--
Xo

.1* .’3 ‘-1- 1
r I 1 I [ I., I I I I I I--- I(k)

o- 40 “80 /~ “/~ ~~”~o””~o ““”k’””” ““””
Pressure, m/sq ;h

.

., .. -—. ....

~GUBE11Conclndcd.-IMMtin andmtatcenkz O(179-Talnminum.doy PM% with damprd edges



NORMAL-PRESWJM TESTS

increasing rate with increase in pressure and, in most
plates, it approached a straight line Wving approxi-
matdy the same slope as the asymptote to the deflec-
tion curve. In this respect the rectangular plates
showed the same behavior as the circnlar pIatas
plotted in figures 14 to 20 of reference 5.

.3 I 1 I I 1 I t I 1. t I I I

I
I I I

, , I , 1 I 8 ! 1 1 1
1

I t I I t I I 1 I I I I
I
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ln the case of plates 1 to 8 and plates 10, 12, 14, 15,
18, 20, 21, 25, 33, 36, and 37, the centerdeflection
curvw deviated increasingly from their linear asympt-
ote above a certain pressure so that there was an
inflection point in the curves. The inflection point
was ascribed to slipping of the plate between the
chimps. In some of the plates this slipping could be
confirmed by examining the clamped margin of the
plate after the test. It is also borne out by the absence
of such behavior in the circular piates (reference
which particular pains were taken to obtain
clamping.
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FmmE I&-Extrerne-fItmr W’atm on SQmre IYS-T 81uMuuM+1110Yplate IIM with
Cltunperl*.

Thv washborm-iing pressures, that is, the prmsures
producing permanent set in the plates, were measured
just as in the case of the circular plntes (referent.c 5)
by the following three criterions:

]. The Navy yield pressure PV, defined as the pres-
sure corresponding to the intercept on the pressure
axis of the asymptotic straight line for the set against
prosaure curve

2. The pressure ptilm to produce a set at the center
of 1/500 the span of the pl~tc

3. The pressure ptilm to produco a set at the center
of 1/200 the sfian of the plate.

Thesa..three pressures are given in table 3 for the .
plates with clamped edges and in tabla 4 for the platr~
with freely supported edges. hfinimum and maximum
values aro given for p~ in the case of the plates for which
an accurate determination was not possible becauec the
asymptote to the set against prexmre curve was not
clearly defined. The Navy yield pressure p, excecdwi
pWW for only 5 plates; i~ was between fitim and p~~jm

for half of the other plntes and was less thun Ptalm for
the other half.
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STRAIN

Surface strains for plates 10a and 34 were mmmrrd
with I-inch Tuclwrman strain gages plnccd dirwt ly
on the surfucc of tho plate. (See fig. 21 of refrri’ncr 5.)
The strain rwu-lings wore corrected for tlw apparent
strain due to bowing of t.hc plate IXLWWWgage poi n~8

()

11’
by adding a term ~ ~ (see referoncc 10, p. 6) whwc

1=1 inch is the gage length and r is the avcmgc rndius
of curvature of the plate between gage points (obtairwd
from the measured contour of the plate),

The results for the 5-by 5-by 0.020~-inch aluminum-
alloy phitc 10a with clamped edges arc giwm in figurm
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16, 17, and 18. Figure 16 &.ows surface strains at six
gage lines for pressurea from 1 to 6 pounda per square
inch; these pressures were below the washbmrding pres-
sures of the pIate (31 to 58 lb/eq in.). Unfortunately,
the gage length of 1 inch was too great to show the
revmaal in extrem&ber bending strain and its increase
to a maximum vahe of opposite sign at the ckunped
edges. Measurements over small gage lengths or with
a number of overlapping gage lines, such as those made
on circular platea (reference 5) would be required for an
adequate d=cription of the spanwise stiain distribu-

1 I I I
Sfrmh avamge” over u
me-hch-g~e A@h

20
I / I

I I /’
.Exi%n7e-t7ba+-atra”n.. / l;

I 4 /——a?eerved 1/ y!

o 20 40 60 m
-esswe, 14eq h.

FrGcmx lS.-StraIo at center C4squsm?H&T akorrkrtmx-albyPkte 1C9(merage
over Mu. gage length).

tion. Curves from references 7 and 11 are included in
figure 16. The strain-against-pr-ure curves are sim-
.ikr to the deffection-againd-pressure curves in so far as
the slope decreases with increasing pressure. The ex-
planation, in both cases, ia the swne. At very Iow
pressures the entire Ioad was carried in bending but, as
the deflection increased, catenary tepsion developed and
an increasing proportion of the Ioad was crwried by
catenmy action.

This action ia brought out quantitatively in figure 17
by the separation of the surface strain into median-fiber
tensile strain and extreme-iiber bending strain. The

extreme-fiber bem%ng strain was calculated for this pur-
pose from the measured contour of the plate as the r@a
of distance of extmqe fiber bm the neutral plane of
the p~ate to average radius of curvature along me gage
line. The median-fiber strain was mdculated as the
surface strain minus the bending strain. The ratio of
bending strain to medan-fiber strain decreased with in-

~.
4 8 l.? 16 20 24 28

Fr&ure, tijsqk.

FIorEE 19.—r.xhrne ffhrstrdm (me.rageoverl-in.gagahgth) rJ17S-TalomImm
rdloyplate W.

creasing pressure except for gage Iirte ~. The bending
strain wsa smaller than the median-fiber strain at a
pressure of 6 pounds per square inch for d gage lines
except y. At pressures in excess of 6 pounds per square
inch the strain was read onIy at the center of the plate.
The redta are given in &u.re 18.
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Strains for the 5-by 5-by 0.0653-inch 17S-T ahuni-
num-alloy pIate 34 with clamped edges are given in
&ures 19 and 20. Figure 19 shows extreme-fiber
strains for eight gage I&s at pressur- from 1 to 25
pounds per square inch; thwe premwee were below the
washboarding pressures of 62 to S4 pounds per square
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—.

7mn90 -46-24



,

360 REPORT NO. 748—NATIONMJ ADVISORY COMMITI’E E FOR AERONAUTICS

inch obtained for this plate. Measurements above 25
pounds per squaxe inch were made only on a center
gage line and an edge gage line. The result& are @ven,
in figure 20 for pressures up to .130 pounds per square
inch. The curve for strain at the center of the plate
resembles that for plate 10a in so far as it-shows a
decrease in slope with increasing pressure.

Curvature measurements wert? m&de on three of the.
five 5-by 5-inch 17S-T aluminum-alloy plates with freely
supported edges. IJormal-presw-nw tests of the iirst.
two plat.m with freely supported edges had indicated
that yielding might be due b. the development of a
diagonal fold at each one of the four corners, which, in
turn, seemed to be caused by pulling out of the plate
from the supports near the corners. Curvature was
according~y measured at both the center of the plate and
across the diagonal near one or two of the corners. The
extreme-fiber strains for these gage lines are plotted

I I I I J I I I I I I I I I 1

I Tom I . I A .~f>clh of &f.w-” ~11
h: + -w -., -.. . -.-—. .—A , I
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FIOLU Z1.-ExtremMk bend[ng utmfnafrom I-Inchsphemmeterfor b by &inch
17S-T dlUlfll~-SllOy pk3tS9Wltfl &dy m,wOii@d W&S (8Ve~ OW 14JL

* length).

against the pressure in @ure 21. The strains across
the diagonals at the corners are seen ta increase rapidly
above the strains at the center of the plate m the strain
exceeds 0.001. The slope of the strain-pressure curve for
the corners of the two thinner pIates increased sharply
for straina of 0.004 to 0.005, indicating yielding of the
plate material.

The washboarding preasurea p~, fi.a, and fi~m are
indicated in figures 18 and 20 to facilitate compari-
son with the meaaured strains. The surface strains at
the centm of the plates with clamped “edges (figs. 18 and
20) were less than 0.0025 at the washboarding pressures.
Since this value is below the strain for which the ma-
terial begins to yield (see fig. 1), washboarding could not
be ascribed to yieldi~ at the center. In the case of
the plates with freely supported edges (see fig. 21), the
strains across the diagonals at the corners were above
the elastic region at the washboarding pressures (table
4) while they were well
cm&. Washboarding,

within the elastic range at the

in these plates with freely sup-

ported edges, was therefore probably duc to the forma-
tion of diagonal folds at the corners. This fact is
brought .~ut further by a comparison of the bending .
strains shown in figure 22, which were dmivcd from the
change in contour of pltite 54 having freely supported
edges corresponding to an increase in pre=urc from 1 to
15 pounds per square inch. The bending strains across
the diagonals near the comer were considerably Inrgw
than the strains elsewhere in the plate.

Washboarding of tbc plat.cs with clamped edges w~~
ascribed to yielding along the edges duo to the clamping
stresses. In order to verify this result experimentally,
slots parallel to the edges were cut in plate 31 aft{!r it
had washboarded severely as a result of a normal-
pressure test. The slots relieved the residual streams
due to bending along the edge? and caused tho irmcr por-
tion of the plate to flatten so that the permanent Bet

FmtmI 22.-Bending ati from oontcnuaon tap of&by &lnch 175-T almnioum.
alloy plate 54wkh frwly an-d em. fMaim ommspondto chm~ In ~
mm bgtwoen 1and 15poundsper wnare inch.

at the center of the plate was reduced from 0.22 to
0.04 hh. It was concludcd that the washboarding in
this plate was principally due to local bending stresses
caused by clamping along the edges.

The direction of the principal strains at tba surface
of a 2;5- by 7.5-inch plate with clamped edges was ob-
tained by observing the crack pattern in a coating of
Run Kauri varnish diesolved in turpentine. The coating
was applied and was allowed to dry before the plates
were mounted in the fixture. PreliiinaW tests of such
coatings had shown that they formed cracks normal to
the direction of principal tensile strain when this strain
attained a critical value ~hat ranged from 104 to 2 x 10-s

depending on humidity, temperature, thicknes of cuat-
ing, and other factors, The cracks in a given region of

●
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the pIate were pIainly visible when viewed from the
proper angle, but it was impossible to photograph them
because of the doubIe curvature of the plate. A sketch
of the pattern on both the top face of the plate and the
bottom face of the pIate is given in &we 23.

The crack pattern shows that the efkt of the ends
did not extend beyond a distance of about one span
length into the pIate; this remdt agreea with the con-
clusion obtained horn the deflection curve (fig. 10).
The clamping moment due to bending produced a band
of parakl cracks on the bottom (presure) face of the
plate. The tiection marking the reversaI in sign of
the bending strain occurred at a distance from the
center of about 0.72aj which is considerably more than
the distance of 0.58a for a beam with clamped ends
under uniformly distributed loacL

ANALYSIS
DEFLIWHON

The contour of a rectangdar plate subjeot+d to
norrmd prewnwe will have a fixed shape (that is, deflec-
tions at a given point wiU be a fixed percentage of the
d~flection at the center) ordy at pressures that are Iow
enough to make the m&br& s&ses nq$gible tom--
pared with the bending stresses. The contour” aIong
a principaI axis of a square plate as derived by lltiai
(reference 6, pp. 180-184, equation (18)) for and
deflections and as daived by Levy (reference 7) for
w~h= 1.9 are given in figure 8. The contour for small
deflections membke the deflection curve of a beam
with clamped ends under a uniformly distributed load,
but it has an infection point at a distance from the
center of 0.f14a as compamd with 0.58a for the beam.

As the center deflection of the rectmgdar plate.
increase9 under inereaaing normal prasure, catensry
tensions become appreciable and the confmr graduaIIy
approaches that for a square membrane. The theo-
retical deflection of a square manbrane along its prin-
cipaI axes is not kuown exactly, but this deflection
curve is likeIy to be nedy parabolic in shape, in view
of the analogy with the circular membrane (equation
(6) of reference 5).

This result is &o supported by Boobnov’s solution
(reference 12) for am inffnite strip of constant span
rigidly cknped at the edges and subjected to uniform
pres9ure. The transverse deflection curve at very Iow
pre9sures has the shape

:=[l-(:)T
(1)

characteristic of a beam with clamped ends under
uniformly distributed Ioad and of a circular plate with
clamped edges under uniform pressure (reference 5),
whiIe at high pressures the plate strip deflects into a
portion of a circular cylinder approached by the parabola

()
w 1–:’—=
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The deflection curves from equations (1) aud (2) are
also @ven in figure 8. The measured deflection curves
for clamped square pIates were between the two types,
approaching equation (2] as the pressure increased.

b the ease of a simpIy supported square pIate, the
shape of the deflection curve for very low pressures
(w~h<<l) as derived by Navier (see reference 6,
p. 118, equation (25)) and shown in figure 9 differs
only slightiy from that, for a plate with wJh=2.47 as
derived by Kaiser (reference 8), which is. also shown in
figure 9. The shape of the observed deflection curve
agrees with the theoretical curves within the error of
meawmment.

h “exact” curve of center deflection against pr”&.-
sufe for a square pIate with clamped edges as obtained
by Levy (reference 7) and approximate curvm of center

—

T_
—

2!4”

1

deflection against pr~ure for plates with clamped edges
haying span-length ratios a/b=l, %, % as obtained by
Way (reference 11) me given in @ure 24. An approxi- “-“–
mate curve for cku.nped square pIates derived on the ——
basis of the assumption in reference 13 of sett.hgtie ““.-

totalpressure equaI to the sum of the pressures that
would independently be resisted in tension and in
bending

(3)

and an exact curve for a plate of intlnite Iength due to
Boobnov (reference 12) are dso given in &ure 24. It
should be noted, in this connection, that Boobnov’s --
work was extended for this purpose from w~h= 1.s to

Wo/lL= 13 and that the tied of Poisson’s ratio p was
included. Part of the extension of Boobnovki work
up @ vahws of wJh=4.3 was done by Way (see ch, I
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of reference 9); the rest .of the exteusion up to w&=13
was done by the authors of this paper. Way (refer-
ence 11) did not carry his calculations for a rectangular
plate beyond w#L=2 because the degree of approxima-
tion became rapidly worse for center deflections of this
order. It appears, however, from the cnrves in the
lower portion of figure 24 that Way’s approximate
curve for a/b= 1 (square pIate) agreea closely with
Levy’s “exact” curve and with F5pp1’s still more ap-
proximate formula (3); whereas, Way’s curve for a/b=;4
agrees closely with Boobnov’s solution for a/b= O, thus
confirming the previous conclusion that a clamped-
edge plate having a length of twice ik span deflects
substantially as a plate of infinite Iength.

It was felt, in view of the foregoing comparisons,

R-essi.r-ofti,p&/Eh4
o law
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2 W7y, I
alb=4.
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sure curves; h wae chosen as small as possiblo con-
sistent with the requirement that the corresponding
observed center deflection W. could be accurately
determined from the observations.

The deviation indices Aw@@, as well as the defini-
tion upon which they were derived in the individual
cases, are given in table 3 for all the plates with clamped
edges. The deviation index was less than 0.2 for only
21 of the 66 plates tested. It exceeded 0,5 for 15 of
the plates. It may be concluded that the thcmwtical
clamping conditions were approximated for ordy a
fraction of the plaike tested. The center deflections
for a 17S-T aluminum-alloy plate and a stainless-atwd
plate with deviation indices of leas than 1 percent are
plotted in figure 24 for comparison with the calculated

>41 ~ I I I I I I
t-ti--t-t--

“press&- ruth @i~Eh’

Fmuim 24,–Center deflectionagrdmt Wesmre for mctrmgularplatesw4thclnmpxl
edgee. P019mn’emtio, O&

that Way)s, Boobnov ‘s, and Foppl’s theories would
form a satisfactory basis for rating the clamped-edge
plate with respect to the degree with which the theo-
retical clamping conditions wero satisfied, This rating
was done by comparing the observed center deflectio~
against pressure curve with the appropriate theeretl-
cal curve, specifically by deriving the following devia-
tion indic.m:

AU*OWO—’WM——
U’m w~

(4)

where WOand Wmare the observed and the theoretical
center deflections, respectively.

The choice of Wm was govmned by the scatter of
points on the observed center deflection against pres-

FI!?LmE25.-Cencec deElectkm@net -re fa freely eu~parted SWIM?platw.
Pokmn% mtio. 03.

vahe. Calculated and observed deflections chruk
within 5 percent for the aluminum-alloy plate 8 up
to w~h= 12, The deflection of the stainless-steel platr
exceeded the theoretical deflection except at very low
pressures by an amount that increased with the pr~’s-
sure. This variation was ascrib~ to the peculiar
strewetrain curve of the matet ial, (See fig. 2.)

Kaiser (reference 8) has ccmputcd the contour and
the stress distribution for a plate with freely supported
edges under a normal pressure producing n ccntcr dcfluc-
tion w~2.47h.. Kaiser was able to chcwk his thccrctical
value against empirical curves obtained from experi-
ments on a 600- by 600- by 3, l.%millimctar (23 .tl- by
23.6- by 0.124-in.) steel pbtte. Kaiser’s cmpirica] Curve

.-
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and theoretical point are compared with the observed
center deflections for the five pIates tested with sup-
ported edges in figure 25. The observed deflections
differed less than 20 percent from K&er’s vaIues. The
deviation indices AWCJWWare given in tabIe 4. They
ranged from 0.00 to —0.20. This variation indicatw
some restraint at the edges that would cause a reduction
in the center deflection.

STRESSES
The only exact solutions for the strwses in a rectan-

gular plate of medium thickness with clamped edges
known to the authol= are the ones derived by Boobnov
(reference 12) for the asymptotic case of the plate strip
of infinite length and by Levy (reference 7) for a square
plate. Probably the b=t approximate solution for the
stresses in a rectangular plate is that due to Way
(reference 11).

The solution for a plate strip of infinite length differs
from that for the square plate in that the median-fiber
tension becomes uniform acrcm the strip in the plate

D#echbn ro:$. w#t
.

28
.4.6.8 LOL? L4 L6 2.0
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—way, ~prux.( - /1 p .0.3
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C U-L4-U-JI ‘ I.vm.--l,>

Ftmm~ !M.-StmESIua squareplate with ckm~ edges

strip instead of being greater at the center than nt the
edges as in the square plate. The medirm-fiber stresses
and the extreme-fiber bending stresses at the center of
the plate and at the midpointt of the longer edge are
plotted against the pressure in dimensionless form for
plates of finite dimensions (a/b= 1 and 2/3) in “@ures
26 and 27 and for a plate strip (a/b= O) in figure 28
where the new symbols on the figures hnve the following
significance:

U“.t extreme-fiber bending stres at center
u=., extreme-fiber bending stress at midpoint of edge
cr’n median fiber tensde stress at center
Ufz.median-fiber tensile stmxs at midpoint of edge

b figures 27 and 29 subscript re indicates the midpoint
of the Ionger edge. The median-fiber stresses and the
mtreme-fiber bending stress-es at the point of ma.xirnum
stress-the center of the longest ed~are plotted
against the prwmre in dimensiordm form for a pIate

Fmmez z?.-stremh aredm@ar plate(@A?#) mfth dampedeclmaccordhuto
reference11. I?olson’s ratla. CM.

with a/b= l/2 in figure 29. Approximate vahws of th~
center deflection ratio mdh are .ven on the abscissa

fscale to show the efhmt of ce ter deflection on the
me&n-fiber stresses.

The resultant extreme-fiber stresses at the center of
the plate and at the midpoint of the longer edge were
obtained from figures 26 to 29 by adding the extreme-
fiber stress and the median&er stress and are shown
in figure 30. The extreme-fiber stress at the midpoint
of the longer edge is tim 2 to 4 times as great & that
at the center of the plate. YieIding due to bending
along the edges should therefore always preeede yield-
ing ,due to tension at the center in an ideally chunped
plate. AIthough Way’s solution for the square plate
a/b= 1 agrees well with the exact scdution by Levy, the
approximate nature of ‘iVay’s solution must be kept in
mind in comparing the stresses in the rw”tangular pIate
with those in the in6nite plate as given in figure 30. As
‘iVay points out (reference 11) his curves indicate that,

.-
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at the midpoint of the longer edge of a finite plate with
a/b=2/3 or less, a greater stress is caused by a given pres-
sure than in an infinite-plate strip of the same material
and the same cross—mctional dimensions. This result
is, of course, incorrect and it may be ascribed to the
approximate nature of Way’s solution.

The theoretical strain e at the center of the square
plate may be derived from references 7 and 11 by sub-
stitution in

e=(l —p)u/E (5)

where c is the stress and p is Poismn’s ratio. The re-
sulting curves of extremefibec strain against prcasure
are shown dashed in figures 16, 19, and 20 for compari-
son with the memured extrem~fiber strain over a
l-inch gage length. There is approximate agreement in
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FIOURE28.-Strm h Inflnlte plate9ttiII(e/b-O)with C]8mWd ~ ~ b
mf~~ 12. Po@3n’s mtfo. 0.8.

the case cffigures 19 and 20 but th~ theoretical strains
me about 30 percent higher than the measured strains
in thi case of figure 16.

The stress distribution in a. square plate of medium
Wlckness with freely supportid edges has been investi-,
gatcd both theoretically and experimentally with great
thoroughness by Kaiser (reference 8). Figure 31
shows the extreme-fiber bending stress u“ and the
median-fiber tensile stress 0-’ according to Kaiser for
gage lime at the center of the plate, parallel to the edge
of the plate, and across the diagonal at a point near
th corners for which the coordinates relative to the

center were zfa= ~/a=0.6. The last gage line is in-
cluded because Kaiser’s work showed that it marked
the region of maximum bending stress for plates in
which the center deflection waa comparable with the
plate thicknew.

Figure 32 shows the extreme-fiber stress u obtained
by adding the bending stress to the median-fiber stress
as given in figure 31. Comparison of figuro 32 with
figure 30 shows that, for the pressuro ratios invrstigatod,

,..”4

the square plate with rigidly clamped edges supports
approximately the same normrd pressure at a given
maximum extremdlber stress as a plata of the sanm
dimensions and material with freely supported edges,

FIGUREZ’J.--StrewIn a rectangularplak (a/b-l/2) with clamIW MIgenacmwdlnzto
rekmnm 11. Po-% ratb, 0.S.

Extr&rne-fiber bending stmins c were measured in
the p~ates with supported edges at the center and across
the diagomd at x/a=y/a=O.83. These strains arc
compared on a dimmsionlesa basis in figure 33 with
the extreme-fiber bending strains obtained from Kaiser’s
theoretical and experimental stresses (reference 8) along
mutually perpendic.uhw directions by substitution in”
the equation

c,= ((7=—#ff,)/E (6)

The measured strains agree witi Kaiser’s theoretical
imd experimental vahws within thr scatter in the
preeimt tests.
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FIGUaz 33.-Bending Wmfn h a squareplate with freely mppated @&.
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PERMANENT SET

Analysis of the vmshboarding pressures listed in
table 3 indicated that the washboarding of the square
plate with clamped edges was brought about by two

manners of failure. Irery thin plates, thut. is, plutm
with negligible flexural rigidity, will carry practically
all of the load as a membrane and tb~y may bc exprcted
h fail by yielding throughout the plati like a m~mbrmw.
If the plab remains elastic up to the ykld point, the
relation between pressurej+ and stress aPat the cwnter
of the plate may be approximated by the following
formula (see reference 13, p. 230)

P,=8”E(NW (7)

that is, the washboarding pressure should vary direetly
with the ratio of thickness to span h@.
- Relatively thick plates, that ie, plates in which prac-
tically all of the load is carried by bending and rdmost
none by membrane action, will yield owing b the 10CUI
bending stresses at the center of the clamped edges. If

Fmu~ ae.-Extrem4iber strrsa h h16rIh@DIM.e$hfp (u/b-o), ChiEd 4dccS

acmrdins to M3renoo 12 Prdsson’smttu,O.1. p, ~ $i?, Yolu@s modulus.

the plata is “rigidly clamped and remains elastic up to
the beginning of yielding at this poink, the prcsaum p,
eorreaponding to an extremefiber stress a“ at the ccdcr
of the edge is, according to reference 6 (p. 184),

()p,=3.2E & ‘~ (8)

that is, the washboarding pressure varies directly with
the square of the ratio of thickness to span (h/!2a)z.

Before these two mechanisms of failure are considered
further, it should be noted that the highest strces in a
perfectly” clamped rectangular plate will always occur
at the centar of the longer pair of clamped edges. (See
fig. 30.) Yklding at the edges should therefore precede



NORMAL-PRESSURE TESTS OF RECTANGULAR PLATES 367

yielding iu any other portion of the plate and hence
only the second mechanism of failure seems admissible
on theoretical grounds. Yielding due b membrane
action may, mwertheles9, be present in an iwtusl and,
therefore, an imperfectly clamped plate if either ono
of the folIowing two factors is important:

1. The chunps may permit a sufficient angular rota-
tion of the edge of the pIate to remove a huge portion of
the local bending stress at the center of the edge.

2. The yield strength of the material when subjected
to the IocaI bending S+ with a Iarge gradient at the
edge of the plate may be much higher than the yieId

approximate formuha (7) and (8) are plottetl in figure
34 for oompmiscm with the observed vdms, assuming
the average Vahles

rr=40,000 pounds per square inch
E= 10.3x10C pounds per square inch

The pressmres from equation (7) are about 30 percent
high for

~0.0025

whale those from equation (8) axe about 60 percent low
for .

2;>0.006

+“ “
:- @r3’ca-@u-]

a [73-W U .

Q 24S-RT = “ . -
X 18:8S~eSS Skd “

(ffafes tnui h Navy Fe/d.Lre.5wm
g [.fj .2(% 26 m & d3zl

------

/

.-

—
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(s) Navy yfeId ~ p.
(b) FTfSmr0p61r 8etatcatcc0f@m..
(c) ~pforsetat centsrof!2@M.

mwg a7.—~ [H ties WfthCb@ S@W. . . yteld 9trwqt@ E, YOrU&SmOdU@ 2s, SPSUklr s@@ent pbtS Strip; i, tbk?knSS$A, yield@ M S@S
(BOObMV, referents Hi); B, ykIdlns at eentec (Boobrmv, refererws M); C, smpkfsal stmfsht We.

strength under the more nearly uniform tension present The formulas (7) and (8] are useks in descri&ng
in the rest of the plate. the washboarding of square chmped plates in the

The two types of faiIure characterized by equations important intermediate nmge of 0.0025<hf2a<0-0060
(7) and (8) are brought out clearly in figure 34 by ploh in which both the membrane str- and the bending
ting p, sgkinst h/2a for the square 17S-T aluminum- streseEs seem to take an appreciable &me of the load.
aUoy plata given in table 3. The washbosxding IncIusion of this intermediate range in the analysis of
premre goes up linearIy with hf% for values of h[2a Ices wsshboarding pressures requires a consideration of
than about 0.004. It goes up with the squme of hf2a stresses in plates of intermediate thickness ss derived
for vahw.a of h/2a greater than about 0.006. The by L+xT, Way, and Boolmov. (See references 7, II, “-
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and 12.) It was amumed for the purpose of such an
analysis that washboarding would be associated with
yielding either rdong the edge of the plate or at the
center of the plate and that this yielding would take
place when the theoretiml str~ at th=e two poi@a
attained a stress UVat which the material begina ta
yield in tension. The reaulte of this assumption diner
from those made upon assumption of the von Wses-
I-Iencky theory of failure (reference,5) only for the stress
u*. at tho center of a square plate and there the differ-

of these functions has beencalculated only for~~1<31.2

as oqnpared with measured values for plate 4 that go
up to 20,000. The only known theoretical solution for
pramre ratiok of this order is Boobnov’s solution
(reference ]2) for the flat-plate strip with chunped
edgm, Figure 28 showa the extreme-fiber stresses at
the edge and at the center of such a strip up to values

2<–4500.
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ence in stress k only H pemcmt. The same resulte are
obttined from both assumptions for the theoretical
stress u= for yielding along the edge of any plate and
the strees r., for yielding at the center of an infmite-
plate strip.

For ieotanguhw plates the relation between the
stresses u=, and U*Oand the pressure p is given in figures

2

()26 and 27 by the dimensionless plots of ~ ~ and

d)U=az
~ as functiom of $$. Unfortunately, the value

A oompmiscm of the experimental data on plates of
tite length with Boobnov’s theory for infinitely long
plates was obtained by regarding the actual plate with
a span 2a as an infinite plate of which the span 2a. was
1- than that of the aotual plate in order to rdlow for
the strengthening effect of clamping at the short edges.
TIM ratio ~]a,waa arbitrarily chosen so that We initial
alopm of the two curves for extrem~fiber bending
streaaes can at the center of the edge are brought into
coinoidace.

In the case of a square plate with clamped edges the
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extremdiber bending stress at the center of the edge is,
for low pressures (see reference 6, p. 184),

while at the edge of a clamped plate strip of span 2%
it is

For identity of initial slope URAP therefore,

aa]a= ~1 .22@ =0.73
where
2a actual span
2a. span of tite-plate strip having saine stress at

midpoint of longer edge
The corresponding reduction factor for any rectangu-
lar plates with clamped edges (O<a/b<l), may be
obtained by arudogy from fig-gre 113 (p. 184) of refer-
ence 6 with the result shown in figure 35. Application
of this reduction factor h the curves for the extrerne-
fiber stresses at the center of the edge and at the center
of a square plate in figure 30 leads b the dashed curves
shown m figure 36. The extreme-fiber stresses for the
equivalent plate strip are seen to differ I= than 13
percent born the ecxactvalues. This method of reducing
to an equivalent plate strip was accordingly u“wd in com-
paring the observed waehbomding pressures for rectan-
gular plates with the theoreticrd vahws for an infinite
plate.

The theoretical washboarding pressures for yielding
at the edge and yielding at the center me shown as
curves A and B, respectively, in figure 37, where 2~
is the span for the equivalent plate strip (&. 35). Log-
log paper was chosen as in the case of the ca_nd-
ing plots for the circular plates (figs. 28 to 30 of refer-
ence 5) in order to spread the observed vahms more
uniformly over the sheet. The experimental wash-
boarding pressures given in table 3 were plotted in
figure 37 by rephwing a,, the stress at which yielding
begins in tension, by the average yield strength in a
longgtudml direction and a transverse direction
(table 1). The pressure for we beginning of yielding
was replaced by the Navy yield-pressure in figure 37(a),
the pressure for a set at the center of 1/500 the span
in figure 37(b), and the pressure for a set at the center
of 1/200 the span in figure 37(c).

The measured IVavy yield pressures and the pressures
for a set of 1/500 the span were between the theoretical
pressures for yiehhg at the edgq and for yielding at the
center for more than 80 percent of the plates. The
preamres for a set of 1/200 the span were in approximate
agreement with the theoretical pr-ure for yiehling at
the center of the plate. The acat$er of the points is
large, particuhdy in figure 37 (a). Part of this scatter
could be ascribed to deviations from the theoretical
clamping conditions because the scatter of the points
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with deviation indices between 0.1 and —0.1, which are
shown in figure 38, was onIy about one-third as large as
that for the entire array of pointe.

It is interesting to note that the measured wash-
bohrding preearee for very thin plates (in the right- -”
hand portion of the figures) approached the theoretical
curve for yielding at the center in every case. Very
thin plates seemed to yield consistently like a thin
membrane.

Straight lines C were fitted by the method of least
squares to the observed waehboarding pressures in &- ‘- —
ure 37. These lines are also shown m figure 38. The _. _
deviation of individual points from the lines C is huge
in many cases. NevertheIees, the lines maybe useful in
arriving at a rough estimate of washboarc& preasurc

.. ,

L , , , * r I I [

o .02 .04 ‘ .W .08 .10

Raum39.-Com@sonofw dhacdhg ~ (or&by &Inch17S-Tahrmlnum-
SlhYyFlaw.

for a rigidly cIamped pIate of given dimensions and
given material.

---——

In the case of plates with frdy supported edg-&, an _
adequata theory for the stress distribution at sni%ciently
high values of the deflection (w~h = 10) was not avail-.
able. Kaiser’s theory (reference 8) goes up only to
w~h = 2.7.’ Inasmuch as only five square plates of
only one size (5- by 5-in.) and one material (17S-T
aluminum alloy) were tested, the empirical data were
inaufhcient. either to check any propotid theory or to
provide empiricaI relations of any generality. The
waehboarding pressures are compared with the wash-
boarding pressurea of 5- by 5-inch 17&T aluminum-
alloy pIates with clamped edgee in figure 39. The wash-
boarding pressures for the plates with freeIy supported
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edges were approximately the same as those for the
clumped-edge plates. The reason for this approximate
agreement may be that, in the case of the plates with
freely supported edges, the diagonal folds in the corners
caused nearly as high bending stresses as were observed
at the midpoint of the longer edges of the plat~ with
clamped edges.
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TABLE 1,—DIMENSIONS FOR PLATES FOU
CLAMPED-EDGE TESTS
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TABLE 2.—PLATEX .WITH FREELY SUPPORTED
EDGES-17S-T ALUMINUM ALLOY

.,
Plating Due to Water Pressure. Trans. Inst. NavaI
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TABLE 3.—RESULTS FOR PLATES WITH CLAMPED
EDGES
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TABLE 4.-RESULTS FOR PLATES ‘WITH FREELY
SUPPORTED EDCHX9
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